Background and Purpose-Retrospective analysis of clinical data has demonstrated major variations in carotid bifurcation geometry, in support of the notion that an individual's vascular anatomy or local hemodynamics may influence the development of atherosclerosis. On the other hand, anecdotal evidence suggests that vessel geometry is more homogenous in youth, which would tend to undermine this geometric risk hypothesis. The purpose of our study was to test whether the latter is indeed the case. Methods-Cross-sectional images of the carotid bifurcations of 25 young adults (24Ϯ4 years) and a control group of 25 older subjects (63Ϯ10 years) were acquired via MRI. Robust and objective techniques were developed to automatically characterize the 3D geometry of the bifurcation and the relative dimensions of the internal, external, and common carotid arteries (ICA, ECA, and CCA, respectively).
T he observation that atherosclerotic plaques tend to occur near arterial bifurcations and bends has led to the widely accepted notion that hemodynamic forces play an important role in the development and progression of atherosclerosis. 1 Because these forces are determined primarily by vessel geometry, it has been suggested that certain individuals might be at higher risk of developing atherosclerosis by virtue of their particular vascular geometry. 2 An early study showed little difference between branch diameters and angles measured from planar angiograms of normal and diseased carotid arteries; 3 however, subsequent studies of a variety of branching vessels, including the carotid bifurcation, have lent qualified support to this geometric risk hypothesis. 4 -9 Central to the notion of geometric risk for atherosclerosis is the assumption that vessel geometry varies sufficiently widely across the population. A recent analysis of angiograms from nearly 3000 patients in the European Carotid Surgical Trial (ECST) showed convincingly that there were major interindividual variations in the diameter and area ratios of the carotid bifurcation. 10 However, despite attempting to minimize the secondary effects of disease on geometry by excluding vessels with Ն30% stenosis, the authors conceded that early atheromatous changes not detectable in conventional angiograms might have led to an overestimation of the anatomic variation. That this may have been the case is suggested by routine clinical experience that dilated and tortuous carotid arteries are more frequent in older versus young subjects. Hence, toward our goal of elucidating the relationship between vascular hemodynamics and atherosclerosis, we set out to test, quantitatively, the hypothesis that the carotid bifurcations of young adults, indeed, exhibit less interindividual variability than those of older subjects.
Methods
The young group consisted of 25 ostensibly healthy volunteers (24Ϯ4 years; range, 19 to 38 years; 14 M:11 F). A control group of 25 older subjects (63Ϯ10 years; range, 42 to 75 years; 12 M:13 F) was recruited from among asymptomatic patients being followed at the Stroke Prevention and Atherosclerosis Research Centre (London). The inclusion criteria were Յ30% stenosis bilaterally based on prior duplex ultrasound examination and no contraindications for MRI. The ethics review board of our university approved the experimental protocol, and all of the subjects gave informed consent.
Baseline demographic characteristics of the older group were as follows: 14 (56%) were hypertensive, 4 (16%) had diabetes mellitus, 1 (4%) was a current smoker, 5 (20%) were exsmokers, BMI was 27.6Ϯ2.8 kg/m 2 , total cholesterol was 5.44Ϯ1.17 mmol/L, triglycerides were 1.97Ϯ1.81 mmol/L, and total plaque area 11 was 0.881Ϯ0.611 cm 2 . Demographic data were not collected for the young group.
Imaging and Lumen Reconstruction
MRI was performed on a 1.5-T Signa scanner (GE Medical Systems) using bilateral phased array coils. After localization, both carotid bifurcations were imaged simultaneously with a peripherally gated black blood MRI protocol, which acquired, on average, 28ϫ2-mmthick, transverse, contiguous slices with 0.313-mm nominal in-plane resolution. Scan parameters included 2D fast-spin echo, 8-cm-thick superior and inferior saturation bands, 160ϫ160 mm 2 field-of-view, 512ϫ384 acquisition matrix, 2R-R repetition time, 15 ms echo time, and 4 echo train length. Total acquisition time, including the initial localizing scan, was typically 15 minutes per subject.
Lumen boundaries for the left and right common, internal, and external carotid arteries (CCA, ICA, and ECA, respectively) were extracted from each of the black blood images using a semiautomated technique. 12 Distal branches of the ECA were excluded because of their small size. The resulting stack of contours was automatically converted into a binary image volume, within which a 3D discrete dynamic contour 13 was inflated to define the 3D lumen geometry. Additional details of the imaging and digital reconstruction of the carotid bifurcation are provided elsewhere. 14 
Geometric Characterization
Once digitally reconstructed, each 3D lumen geometry was subjected to a novel, fully automated geometric characterization. In past studies, vessel dimensions and ratios have been measured at a variety of locations, typically defined in terms of some nominal distance from a user-identified landmark like the bifurcation apex and often varying in definition from study to study. In the present study, we sought to make measurements based on more rigorous and objective criteria, both to minimize operator bias and to encourage standardization of geometric definitions for future studies.
As illustrated in Figure 1A , centerlines were first generated from the CCA to each of the ICA and ECA branches. According to their definition, each centerline hosts the centers of spheres of maximal radius inscribed in the vessel. (In practice, the diameter of a maximally inscribed sphere approximates the minimum diameter of the vessel.) These centerline tracts and their associated sphere radii were then used to identify the origin and nominal plane of the bifurcation and to split the vessel into its 3 constituent branches. 15 Geometric characterization then proceeded with respect to this vessel-specific coordinate system.
To define objective geometric parameters for bifurcations having different shapes and sizes, we first defined a distance metric along the centerlines based on the maximally inscribed spheres. As illustrated in Figure 1B , starting from each centerline origin (ie, CCA0, ICA0, and ECA0) and moving away from the bifurcation, the center of the maximally inscribed sphere tangent to the respective point was identified (ie, CCA1, ICA1, and ECA1). Repeating this process produced a series of points spaced 1 sphere radius apart, thus providing a robust and objective analog to the common practice of identifying vessel locations based on an integral number of nominal vessel diameters or radii.
To compute the mutual angles of the branches coming off the bifurcation, branch orientations were first defined as the vectors extending from the branch origins (CCA0, ICA0, and ECA0) to a point 1 sphere radius distal (CCA1, ICA1, and ECA1, respectively). As illustrated in Figure 1C , the bifurcation angle was then defined simply as the angle between the projections of the ICA and ECA vectors onto the bifurcation plane. Similarly, the ICA angle was defined as the angle between the projections of CCA and ICA 
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vectors onto the bifurcation plane, whereas ICA planarity was defined as the angle between the out-of-plane components of the CCA and ICA vectors ( Figure 1D ). Vessel tortuosity was calculated as L/DϪ1, where, as illustrated for the ICA in Figure 1A , L is the length of the centerline from the origin to the end of the branch, and D is the Euclidean distance between these 2 points. Tortuosity may, therefore, be thought of as the fractional increase in length of the tortuous vessel relative to a perfectly straight path. Thus, a tortuosity of 0.0 corresponds to a perfectly straight vessel, whereas a tortuosity of, say, 0.2 identifies a vessel 20% longer than the shortest distance between 2 points.
To facilitate comparison with the diameter and area ratio data of Schulz and Rothwell, 10 cross-sectional areas and diameter were identified as far as possible away from the bifurcation. Because of the reduced axial coverage available from our particular MRI protocol, it was not always possible to measure these at locations consistent with that study, namely, where the vessel walls are parallel. Instead, we simply defined consistent distances, in terms of our sphere-radius-based distance metric, where the cross-sectional areas were computed. As illustrated in Figure 1B , these were placed at points CCA3, ICA5, and ECA1. (These locations were chosen to be consistent with those used by Goubergrits et al. 16, 17 in their studies of carotid bifurcation.) Cross-sectional areas were defined by the intersection of each branch surface with planes normal to centerlines at these respective points. The bifurcation area ratio was calculated as the sum of the ICA and ECA areas, divided by the CCA area. ICA/CCA, ECA/CCA, and ECA/ICA diameter ratios were calculated as the square root of the respective area ratios, equivalent to assuming that the (typically noncircular) vessel cross-sections were circles of equivalent area.
The combined effect of scan-to-scan and operator variability on the precision of the digital lumen reconstructions has been assessed previously via repeated imaging and analysis of 3 elderly subjects each imaged 3 times each at weekly intervals. 18 Reproducibility of the geometric parameters was similarly assessed here using the digital reconstructions from that study.
Statistical Analysis
For each geometric parameter, groups were compared by 2-way nested ANOVA. Two factors were identified as potential sources of interindividual variation in the data, namely age group (young versus older) and gender, and so the interaction between these was included. Nesting was introduced to account for the fact that each subject contributed 2 vessels to the data. Because some of the dependent geometric variables (bifurcation angle, CCA tortuosity, and ICA tortuosity) presented different SDs between age groups (ratio Ͼ4), an inverse transformation was applied to correct for their unequal variances before the analysis. A systematic comparison of the variances of the 2 age groups was performed by means of F tests, for which vessels were pooled into the same age group irrespective of gender. Within the older group, the effect of baseline demographic data on each geometric parameter was similarly tested using nested ANOVA. All of the statistical analyses were performed using the open-source R language and environment for statistical computing (version 1.9). Significance was assumed at a level of Pϭ 0.05/9ϭ0.0056, reflecting the usual value corrected, according to the Bonferroni procedure, by the number of geometric parameters tested.
Results
The complete set of reconstructed carotid bifurcation lumen geometries for the young and older groups is presented in Figures 2 and 3 , respectively. The young carotid bifurcation is clearly seen to exhibit much less geometric variation compared with the older subjects, and this is corroborated by the descriptive statistics for the geometric parameters summarized in Table 1 . In particular, F-tests revealed that interindividual variations in the young carotid bifurcation geometries were significantly lower than those for the older group. ANOVA revealed that age grouping (ie, young versus older) had a significant effect on the bifurcation angle, ICA angle, and CCA tortuosity. Within the older group, there were no significant effects of baseline demographics on the geometric parameters using the conservative Bonferronicorrected P value of 0.0056; however, there was a nearsignificant effect of total plaque area on the ICA:CCA diameter ratio (Pϭ0.0095) and the related bifurcation area ratio (Pϭ0.0058).
Finally, as summarized in Table 2 , geometric parameters were highly reproducible, with SDs well below the respective interindividual variations observed for the older group and near or below those of the young group.
Discussion
Our study confirms that there are, indeed, major geometric variations in the carotid bifurcation geometries of older subjects with little or no carotid artery disease; however, younger vessels exhibit significantly less geometric variability. This quantitatively supports anecdotal evidence indicating the relative homogeneity of vessel geometry in young versus older subjects. It also suggests that data from the ECST study may, indeed, have been confounded by the secondary effects of atherosclerosis. The recent finding of an association between intimal thickening and ICA angle of origin 9 may also have been confounded by the effects of atherosclerosis, because our companion study of carotid bifurcation anthropometrics showed that orientation of the carotid bifurcation relative to the sagittal plane of the body (a quantity related to ICA angle of origin) was significantly less variable within the young versus older group. 19 
Potential Shortcomings
Despite that fact that strong significant differences were seen between the 2 groups, it remains that our sample size was nearly 2 orders of magnitude smaller than that used to characterize geometric variability in the ECST study. Nevertheless, F-tests revealed no significant difference between our SDs and those derived from the ECST study, except for the case of area ratio (PϽ0.0001). Unpaired t tests did reveal that our mean diameter and area ratios were significantly higher (PϽ0.0001); however, this may be attributed to the relatively limited axial coverage of our black blood MRI protocol. To demonstrate this, we computed diameter and area ratios from a detailed survey of carotid bifurcation diameters 20 and found that ratios derived from proximal sites roughly corresponding to ours were similarly higher than those derived from distal sites more closely matching those defined for the ECST study This effect of the choice of measurement site may also be seen in the broader comparison of our data with those of the ECST study and postmortem measurements of Goubergrits et al. 16, 17 presented in Figure 4 : our measurements were deliberately made at locations comparable to those used in the latter studies, and it can be seen that their diameter and area ratios are comparable to those of our older group. F tests 
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similarly revealed no significant differences between the interindividual variations within these 2 groups, whereas unpaired t tests revealed significant differences only between the means of the ECA:ICA diameter ratio (Pϭ0.0015). Therefore, we conclude that our data, despite being drawn from a relatively small sample, is representative of a broader population. On the other hand, we note that such small sample sizes would be inadequate for elucidating relationships between vessel geometry and baseline demographics, which explains why we were unable to confirm a significant effect of sex 21 and plaque burden 9 on vessel geometry in our older group.
Implications for the Geometric Risk Hypothesis
The inevitable implication of our findings is that interindividual variation in the geometry of the carotid bifurcation increases with aging and/or disease. Although it is difficult to separate these 2 factors, we do note that data from the ECST study showed similar levels of variation in patients with Ͻ30% stenosis and patients with no disease evident on angiography. From this we infer that geometric variability does not necessarily increase with the progression of mild disease, for otherwise we would expect these groups to have different levels of interindividual variation. Changes in carotid bifurcation geometry are, therefore, more likely to reflect the influence of early, angiographically silent disease or, simply, the vascular aging process. Our data do not distinguish between these possibilities, although the nearsignificant effect of total plaque area on the ICA:CCA diameter and bifurcation area ratios hints that the former may be the case. Moreover, we note that the only longitudinal study of geometric risk of atherosclerosis concluded that, for the femoral artery, changes in vessel tortuosity preceded (angiographically defined) atherosclerosis development. 22 At the very least, these observations suggest that the geometry of the carotid bifurcation in youth does not necessarily anticipate its future state.
Alternatively, it is possible that the modest interindividual differences in the carotid bifurcation geometries of young adults may still give rise to a geometric risk for atherosclerosis. This is because, for all of the focus on geometry, it is the local hemodynamic forces induced by geometry that provide the mechanistic link underpinning the geometric risk hypothesis. The sensitivity of local hemodynamic forces to geometry is well appreciated in a qualitative sense but not sufficiently well understood quantitatively to know what "major" or "modest" interindividual variations in geometry mean in terms of interindividual variations in the hemodynamic parameters relevant to atherosclerosis. (This is poised to change given recent developments in the area of computational fluid dynamics. 23 ) Still, our reproducibility data indicate that inherent variability in the noninvasive characterization of carotid bifurcation geometry by MRI is roughly of the same order as interindividual variability in the young group. Although this does confirm that the levels of interindividual variations observed in the present study-and, especially, the significant differences between interindividual variations within the 2 groups-are real and not merely a reflection of inherent measurement variability, it does suggest a lower bound, Ϸ30 years old, on the age at which geometric risk could be detected practically.
Summary
Our findings clearly demonstrate that interindividual variations in the geometry of the carotid bifurcation increase significantly with aging or early atherosclerotic disease progression. They do not, however, prove or disprove the idea that an individual's geometry may predict the development and progression of atherosclerosis. Rather, they point to a more complex interrelationship among vascular geometry, local hemodynamics, vascular aging, and atherosclerosis, the elucidation of which will almost certainly require prospective studies.
We have shown here how the combination of noninvasive imaging and 3D image processing may be used to characterize vessel geometry in an objective and reproducible manner; and, so, with the increasing use of MR angiography, such prospective studies should be possible, especially in the 30-to 60-year-old age bracket when geometric variations appear to evolve. With this in mind, we have placed our geometric characterization tools in the public domain 24 with the hope of encouraging the standardization of geometric definitions, a step we believe will be crucial for future large-scale studies and meta-analyses aimed at identifying local factors predictive of successful vascular aging. Comparison of data from young and older groups with data from Goubergrits et al. 16, 17 (G&A) and Schulz and Rothwell 10 for ECST subjects with no disease (S&R0) and Ͻ30% stenosis (S&R30). Boxes and whiskers identify interquartile and 95% ranges, respectively. Horizontal lines within boxes identify medians for young, older, and G&A groups, and means for the S&R0 and S&R30 groups (medians for these data were not provided).
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